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ABSTRACT 

 
The use of natural tracers in hydrological studies is a very useful tool, being applied in several studies. One of 

these tracers is the radon, 222Rn, noble gas derived from natural sources, been found in all underground waters, 

as a product of radioactive decay of the 226Ra. This gas can be found in the air, water, rocks or soil. In this 

paper, the 222Rn detection in surface water was used as tracer in order to identify aquifer discharge sections in 

surface water at the Fundão stream, which belongs to the Juatuba river basin, through the second semester of 

2014 and the first semester of 2015, in three sampling campaigns. The 222Rn measurements at Fundão stream 

were carried out using the equipment RAD 7. The results showed that 222Rn is present in some sections of the 

water course suggesting that there is a connection between groundwater and surface water. It also justifies the 

variation in the water level in the stream, recorded by a fluviometric station. 
 

1. INTRODUCTION 

 

In the last years many hydrological problems reported by agriculture, catering, industry and 

housing areas, among others, could be solved with the help of the tracer technique. However, 

several processes related to the water distribution still require precise investigations such as 

those involving surface water, the water vapor in the atmosphere, subsurface water in 

unsaturated and saturated zones and the interrelationship between surface and underground 

water [1]. 

A tracer is any substance or particle (chemical or biological) that can be used to follow, in a 

punctual or continuous way, the behavior of a particular system or component, such as water 

flow in an open environment (surface hydrology) or underground (porous or fissural 

environment). Known as “tracer paradox” the tracer material should have two fundamental 

characteristics: It should behave exactly like the tracing equipment; It should be 

distinguishable from the trace material such that it can be easily detected in the presence of 

another material.  
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The applicability of stable and radioactive isotopes as tracers to study the hydrological cycle 

has expanded in recent years, when a favorable instrumentation for measurements became 

available. Isotopes are elements chemically identical, with different mass number and that are 

naturally present in the hydrosphere / atmosphere (environmental isotopic tracers) or that can 

be intentionally added to water for specific investigations (artificial isotopic tracers). In many 

cases the processes studied include public drinking water, not being desirable the discharge of 

high levels of artificial substances in the systems - rivers, lakes, aquifers, oceans, among 

others [2]. Thus, environmental isotopic tracers and are often recommended for applications 

in hydrology. As example of such tracers it is possible to mention [1]: 

 

 isotopic species of the water molecule (H2
16

O, HD
16

O, H2
18

O e HT
16

O) and 
14

N and 
15

N which are the primary sources of nitrogen in the atmosphere; 

 isotopes produced by cosmic rays (
3
H, 

10
Be, 

14
C, 

26
Al, 

32
Si, 

36
Cl, 

39
Ar, 

53
Mn, 

59
Ni, 

81
Kr); 

 radioactive pulses injected in water systems at tests of nuclear equipment, consisting 

of many long half-life isotopes such as 
3
H, 

36
Cl, 

85
Kr and 

139
I; 

 

Among the tracers used in various types of research, the water dynamics studies can be 

performed with the aid of isotopic species of this molecule. However, in some situations, the 

use of such species becomes unfeasible. As result, many alternative tracers are being 

developed and tested for this purpose, some of which have their physical and chemical 

behavior already reasoned. 

At this scenario, the use of radon as a tracer is noteworthy. Radon has two isotopes applicable 

to the study of groundwater: 
222

Rn (half-life = 3.8 days) produced by the alpha decay of the 
226

Ra in the series of 
238

U, and the 
220

Rn (half-life = 56 seconds) produced by the alpha decay 

of the 
232

Th in the 
224

Ra series (Figure 1). It is observed that the 
222

Rn presents a greater half-

life and that is the reason of widely utilization as a water tracer (groundwater and surface) in 

streams and rivers, coastal and surface reservoirs, and to estimate the residence time of an 

aquifer [3]. This occurs because the radon is chemically inert which makes possible to 

disregard biogeochemical reactions and facilitates its measurement. Furthermore, radon in 

groundwater is enriched when compared to surface waters [4]. This characteristic results from 

the fact that groundwater is in contact with mineral grains containing radio, and surface water 

is subject to turbulence generated by environmental factors, allowing the escape of radon. 

Although there are exceptions to the rule, the granites have high content of Radio, 

metamorphic and sedimentary rocks contain intermediate level already limestone possesses 

low levels [5]. 
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Several studies carried out have used the 222Rn as a tracer of groundwater, including: 

 

 Giap [2] determined the relationship between the concentration of radon in 

groundwater and surface water to estimate the groundwater infiltration rate in an 

aquifer based on the residence time of the water, and the distance between the 

surface water source and the observed wells; 

 Chanyotha [6] used the radon for surveys of radioisotopes and nutrients in the 

Chao Phraya River and in the Upper Gulf of Thailand, in order to find discharge 

areas of active groundwater to surface water, and estimate the biogeochemical 

significance of this discharge; 

 Low [7] investigated the dynamics of radon in the Chalk aquifer and evaluated its 

potential as a natural hydrological tracer; 

 Freyer [8] found the infiltration rate in a nearby region close to the center of 

Torgau (Germany); 

Figure 1 - Natural radioactive series 

 

 

 

Séries de elementos radioativos sobreviventes do mix de formação da 
Terra a aproximadamente 4,6 bilhões de anos. 
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 Swarzenski [9] studied the groundwater, including geochemical characterization 

of the underground environment, the definition of the transport kinetics of some 

substances, water-rock interactions and the determination of the geological age 

and the impact received by the groundwater flow. This was accomplished through 

the use of naturally occurring radionuclides of uranium and thorium series: U, Th, 

Ra and Rn. In this study the radon was emphasized as a tracer; 

 Cook [10] studied the natural groundwater influx to a tropical river in Australia 

with the help of environmental tracers, including radon. 

 

The goal of this study is to investigate the relationship between surface and groundwater at 

Juatuba basin, aiming to find discharge sections with the help of radon, used as water tracer. 

 

2. STUDY AREA 

 

The Juatuba basin (Figure 2) is located in the upper part of the São Francisco river, in 

Minas Gerais State – southeast of Brazil. The Juatuba river is a left tributary of the Paraopeba 

river, which is a tributary of the São Francisco, and runs 3 km from the meeting of its main 

tributaries to the point where it flows into the Paraopeba. This watershed covers 442 square 

kilometers and is located 60 km from Belo Horizonte (capital of the State), covering part of 

the cities of Mateus Leme, Igarapé and Itaúna. The main streams that form the Juatuba river 

are the Serra Azul and Mateus Leme streams, which have a drainage area of 265 and 155 

square kilometers respectively. 

 

 

 

 

 

Figure 2 – Juatuba basin: southeast region of Brazil 
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Downstream the Serra Azul stream there is an important reservoir that supplies water for 

Belo Horizonte and other close cities named Serra Azul reservoir. It covers parts of four 

cities: Mateus Leme, Juatuba, Igarapé and Itaúna and is located about 55 km far from Belo 

Horizonte. Its operation started in 1982 and today the system serves with treated water, about 

10% of Belo Horizonte needs, being the third biggest one of the region. It forms, together 

with the Rio Manso and Vargem das Flores systems, the integrated system of Paraopeba river 

basin. It is valid to emphasize that currently this reservoir faces a serious situation since the 

absence of rains in the southeast of Brazil in the last months generated the worst hydrological 

crises in the history of the region. 

 

 

METHODOLOGY 

 

At the first field visit (September/2014) some points (Figure 3) were randomized chosen at 

the Fundão stream (chosen as a pilot for this project), to collect water samples. The 

concentration of radon at these samples was determined with the help of the RAD7 

equipment. In this device a constant flow of water passes through a water/air exchanger, 

which distributes the radon present in running water to a circuit formed by the drying system 

and a continuous monitor. The RAD7 works in low internal humidity, no more than 6%, what 

allows more accurate results and the possibility of reading small concentrations of radon [11]. 

 

 

 

The RAD7 has two ways to measure radon in water: GRAB mode for punctual 

measurements, and SCAN mode, which makes continuous measures. At this study the GRAB 

mode was used, since the goal was to find discharge sections along the stream.  

 

The water of the stream was collected with the aid of hypodermic syringes with a small hose 

adapted along the bed of the stream, being subsequently transferred to flasks of 250 ml 

Figure 3 – Location of the sampling points 
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capacity, suitably identified. The process should be done slowly to avoid the presence of air 

bubbles, which would compromise the results. 

The RAD 7 makes four analyzes per sample and provides at the end, the mean value of the 

radon concentration and its standard deviation. The initial concentration of radon is obtained 

according to equation 1. 

 

𝐴0 = 𝐴(𝑡) × 𝑒−𝜆𝑡      (1) 

 

Where A(t) = concentration of 
222

Rn measured at time t; 

A0 = initial concentration of radon in the sample; 

λ = decay constant of 
222

Rn (= 0.18); 

t = time between collecting and reading. 

 

A second field campaign was conducted in November/2014, and this time more 

measurements were done, many of them between the same points where the first campaign 

was executed to do a better scan at the study area, trying to locate regions of possible 

discharges. In some cases, sampling points were chosen very close to the previous ones, just 

to obtain new results at these points. 

Based on the results of the two first campaigns, two sections were chosen in order to scan the 

stretches aiming to verify the radon readings. The chosen sections correspond to those ones 

where bigger concentrations of radon were found in the preliminary studies. However, 

instead of using syringes to collect the water, a small peristaltic bomb was used at third 

campaign (Figure 4). At the third campaign (February 2015), section number 1 corresponds 

to the region S3 nearby, and section number 2 to the region S5 nearby. It is valid to observe 

that in all procedures the water was collected very close to the bottom of the stream. 

 

 

 

At the third campaign, after the sampling procedures, a flow measurement was done at the 

Figure 4 – Fundão stream, third campaign. 
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beginning of both sections with the help of the Flow Tracker. The Sontek Flow Tracker © is 

a hand held ADV (Acoustic Doppler Velocimeter) that uses bistatic (separate transmitting 

and receiving) transducers to estimate either 2 or 3 dimensional flow in a 0.25 cc sample 

volume located 10 cm from the probe. A transmitting transducer sends out a pulse to the 

sample volume and the acoustic signal is reflected back by particles suspended in the water to 

the receiving transducers. For this study the flow direction in two dimensions was measured 

using two receiving transducers located on either side of the transmitting transducer. The 

Flow Tracker measures velocities with a range as low as 0.001 m/s (0.003 ft/s) and up to 4.0 

m/s (13 ft/s). The Flow Tracker was combined with a wading rod to measure the total 

discharge across the stream section. 

3. RESULTS 

 

Tables 1 and 2 shows the results of the first two campaigns done to perform the radon 

measurements. 

 

 Table 1 – Radon concentration: first campaign (September/2014) 

Point 
Radon 

concentration 

and SD kBq/m³ 

Time and 

date of the 

sampling 

Time and 

date of the 

reading 

Time between 

sampling and 

reading 

Radon concentration 

after corrections and 

SD kBq/m³ 

1.1 7.1 + 2.3 
9/16/2014 

16:05 
9/16/2014 

20:00 
0.1632 7.31 + 2.37 

1.2 33.9 + 4.7 
9/16/2014 

16:55 
9/16/2014 

21:30 
0.1910 35.09 + 4.86 

1.3 9.03 + 2.58 
9/16/2014 

17:10 
9/16/2014 

22:00 
0.2014 9.36 + 2.68 

1.4 25 + 4.09 
9/17/2014 

11:05 
9/17/2014 

18:30 
0.3090 26.43 + 4.32 

1.5 31.1 + 4.55 
9/17/2014 

10:40 
9/17/2014 

19:00 
0.3472 33.11 + 4.84 

1.6 10.4 + 0.91 
9/17/2014 

11:20 
9/18/2014 

10:32 
0.9667 12.38 + 1.08 

1.7 5.98 + 0.46 
9/17/2014 

11:45 
9/18/2014 

11:12 
0.9771 7.13 + 0.55 

1.8 4.62 + 0.56 
9/17/2014 

12:00 
9/18/2014 

11:54 
0.9958 5.53 + 0.67 

1.9 7.93+ 1.15 
9/17/2014 

12:30 
9/18/2014 

12:35 
1.0035 9.50 + 1.38 

1.10 0.75 + 0.21 
9/17/2014 

12:50 
9/18/2014 

13:46 
1.0388 0.9 + 0.25 
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  Table 2 – Radon concentration: second campaign (November/2014) 

Point 
Radon 

concentration 

and SD kBq/m³ 

Time and 

date of the 

sampling 

Time and 

date of the 

reading 

Time 

between 

sampling and 

reading 

Radon 

concentration after 

corrections and SD 

kBq/m³ 

2.1 6.58 + 1.62 
11/18/2014 

14:07 
11/18/2014 

19:05 
0.2069 6.83 + 1.68 

2.2 41.23 + 2.47 
11/18/2014 

14:36 
11/18/2014 

20:38 
0.2514 43.14 + 2.58 

2.3 73.43 + 6.07 
11/18/2014 

15:05 
11/18/2014 

21:21 
0.2611 76.96 + 6.36 

2.4 45.88 + 3.89 
11/18/2014 

15:20 
11/18/2014 

21:52 
0.2722 48.18 + 4.09 

2.5 12.18 + 1.39 
11/18/2014 

15:40 
11/19/2014 

14:08 
0.9361 14.42 + 1.65 

2.6 5.64 + 1.23 
11/18/2014 

15:55 
11/19/2014 

07:24 
0.6451 6.33 + 1.38 

2.7 50.1 + 4.58 
11/19/2014 

09:38 
11/19/2014 

15:16 
0.2347 52.26 + 4.78 

2.8 21.28 + 1.86 
11/19/2014 

09:45 
11/19/2014 

14:36 
0.2021 22.07 + 1.93 

2.9 44.05 + 3.43 
11/19/2014 

10:11 
11/19/2014 

16:10 
0.2493 46.07 + 3.59 

2.10 15.45 + 2.88 
11/19/2014 

10:37 
11/19/2014 

16:55 
0.2625 16.20 + 3.02 

2.11 10.94 + 1.21 
11/19/2014 

10:54 
11/19/2014 

17:33 
0.2771 11.50 + 1.27 

2.12 1.9 + 0.3 
11/19/2014 

11:16 
11/19/2014 

18:11 
0.2882 2.00 + 0.32 

2.13 36.8 + 2.82 
11/20/2014 

09:29 
11/20/2014 

14:50 
0.2229 38.31 + 2.94 

2.14 41.48 + 1.64 
11/19/2014 

15:40 
11/19/2014 

19:14 
0.1486 42.60 + 1.68 

2.15 26.18 + 1.82 
11/20/2014 

09:36 
11/20/2014 

16:20 
0.2806 27.54 + 1.91 

2.16 12.73 + 0.51 
11/19/2014 

16:00 
11/19/2014 

19:53 
0.1618 13.11 + 0.53 

2.17 8 + 0.76 
11/19/2014 

16:23 
11/19/2014 

20:33 
0.1736 8.25 + 0.78 

2.18 0.5 + 0.3 
11/19/2014 

17:00 
11/19/2014 

21:11 
0.1743 0.52 + 0.31 

2.19 4.56 + 0.51 
11/19/2014 

17:21 
11/19/2014 

21:53 
0.1889 4.72 + 0.53 

2.20 13.05 + 0.31 
11/20/2014 

09:55 
11/20/2014 

17:04 
0.2979 13.77 + 0.33 

2.21 4.96 + 0.96 
11/20/2014 

10:14 
11/21/2014 

07:40 
0.8931 5.83 + 1.13 

2.22 1.71 + 0.63 
11/20/2014 

10:14 
11/21/2014 

08:21 
0.9215 2.02 + 0.74 

2.23 1.11 + 0.25 
11/20/2014 

10:25 
11/21/2014 

10:04 
0.9854 1.33 + 0.30 
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Tables 3 and 4 show the results of the third campaign, done at the sections with the biggest 

found values. 

 

  Table 3 – Radon concentration: third campaign - section 1 (February/2015) 

Point 
Radon 

concentration 

and SD kBq/m³ 

Time and 

date of the 

sampling 

Time and 

date of the 

reading 

Distance 

between 

sampling 

points 

Radon 

concentration after 

corrections and SD 

kBq/m³ 

3.1 34.5 + 2.24 
02/11/2015 

10:40 
02/13/2015 

10:10 
- 49.27 + 3.20 

3.2 40.35 + 0.63 
02/11/2015 

10:50 
02/13/2015 

10:55 
4.9 57.88 + 0.9 

3.3 21.85 + 2.93 
02/11/2015 

11:15 
02/13/2015 

11:45 
15.0 31.44 + 4.22 

3.4 19.65 + 2.19 
02/11/2015 

11:30 
02/13/2015 

12:45 
10.0 28.43 + 3.17 

3.5 19.12 + 1.68 
02/11/2015 

11:45 
02/13/2015 

13:45 
10.0 27.82 + 2.44 

3.6 18.37 + 1.91 
02/11/2015 

11:55 
02/13/2015 

14:30 
10.0 26.85 + 2.79 

3.7 24.27 + 1.01 
02/11/2015 

12:10 
02/13/2015 

15:15 
10.0 35.6 + 1.48 

3.8 19.37 + 0.76 
02/11/2015 

12:20 
02/13/2015 

16:05 
10.0 28.56 + 1.12 

3.9 24.22 + 2.07 
02/11/2015 

12:30 
02/13/2015 

16:50 
10.0 35.87 + 3.07 

3.10 14.77 + 2.13 
02/11/2015 

12:43 
02/13/2015 

17:45 
13.0 21.99 + 3.17 

3.11 12.80 + 0.93 
02/11/2015 

12:50 
02/13/2015 

18:30 
10.0 19.14 + 1.39 

3.12 14.12 + 0.54 
02/11/2015 

13:05 
02/13/2015 

19:25 
10.0 21.22 + 0.81 

 

  Table 4 – Radon concentration: third campaign - section 2 (February/2015) 

Point 
Radon 

concentration 

and SD kBq/m³ 

Time and 

date of the 

sampling 

Time and 

date of the 

reading 

Distance 

between 

sampling 

points 

Radon 

concentration after 

corrections and SD 

kBq/m³ 

3.13 34.87 + 3.56 
02/10/2015 

14:40 
02/10/2015 

18:35 
- 35.91+ 3.67 

3.14 50.22 + 4.69 
02/10/2015 

14:55 
02/10/2015 

21:07 
5.0 52.61 + 4.91 

3.15 33.22 + 1.79 
02/10/2015 

15:00 
02/10/2015 

19:15 
5.0 34.30 + 1.85 

3.16 67.52 + 4.83 
02/10/2015 

15:06 
02/10/2015 

22:00 
6.0 71.11 + 5.09 

3.17 11.22 + 0.73 
02/10/2015 

15:30 
02/12/2015 

12:45 
5.0 15.75 + 1.03 

3.18 13.87 + 0.88 
02/10/2015 

15:45 
02/12/2015 

17:43 
5.0 20.18 + 1.28 

3.19 19.52 + 0.53 
02/10/2015 

15:55 
02/12/2015 

19:25 
5.0 28.73 + 0.78 
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It is possible to see that at campaign 1, the biggest value is 35 times bigger than the smallest 

one. At campaign 2, this difference became much bigger and achieves 150 times. The results 

from campaign 3 show that at section 1 the peak value is 3 times bigger than the smallest one, 

and at section 2 the peak is 4.7 times bigger. 

Figure 5 presents the concentrations of radon measured considering the distance from the 

source of the stream, with the results of all the campaigns. The two peaks of the graph 

correspond to the studied sections at the third campaign. 

 

 

 

 

4. CONCLUSIONS 

 

The use of radon as a tracer to locate discharge sections at Juatuba basin was able to identify 

sections where its concentration showed significant values, what means the existence an 

underground water discharge in the sector under study. The maximum concentration of radon 

measured was about 150 times higher than the minimum, considering the results of the first 

two campaigns. The third campaign, done at the two sections where the concentration of 

radon showed the biggest values, found numbers greater than the first ones, what indicates 

the presence of a discharge zone. The difference between the flows is another factor that 

indicates this possibility. 

This connection between surface and underground water is vital for maintaining the water 

level in the study area, due to the absence of rains at Juatuba during this past year. Also, the 

RAD 7 equipment proved to be adequate for the work associated with the project. 
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Figure 5 – Radon concentration as a function of the distance of the source 
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